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Type-ll phase-matched second-harmonic generation in ferroelectric liquid crystals
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The experimental configurations that permit phase-matched second-harmonic generation in ferroelectric
liquid crystals have been analyzed. The materials have been assumed to behave as uniaxial positive with
normal wavelength dispersion of refractive indices. It has been found that both type | and type Il phase
matching are possible for a general configuration and the corresponding effective second-order susceptibility
coefficients have been calculated. However, with the usual homeotropic geometry, only type | phase matching
can be achieved. Under planar alignment, types | and Il are accessible in theory, but the large birefringence of
most materials usually prevents both possibilities. Nevertheless, a compound, whose properties are suitable for
type Il phase matching observation, has been found. The effect has been confirmed experimentally and the
results agree well with the theoryS1063-651X98)08705-4

PACS numbdis): 42.70.Df, 42.65.Ky

I. INTRODUCTION using the common alignmenthiomeotropic or planarin
liquid crystals. However, we will present measurements of

Second-harmonic generati¢8HG) in ferroelectric liquid  one material in which type Il phase-matched SHG is success-
crystals(FLC'’s) has recently received much attention in con-fully demonstrated.
nection with the potential use of these materials in photonics
[1-4]. As is well known, the SHG process is most efficient
when the so-called phase-matchifigM) condition is ful-
filled [5]. At PM the whole crystal participates in the second- | this section we will examine the configurations for
harmonic conversion, whereas if there is a phase mismatghhase-matched SHG in FLC’s. We will assume that the ma-
Ak, the crystal length that is useful in producing the secondterials behave as positive uniaxial and show normal disper-
harmonic power is restricted to the so-called coherencgjon. This does not represent any important restriction for

Il. THEORY

length /.= w/Ak. slightly colored(or transparentcompounds.

If two waves of frequency» and polarizationg and k The experimental geometry is indicated in Fig. 1. The
combine to give a wave of frequencyw2ind polarizatiori,  light is incident along the negative direction of the laboratory
then the phase mismatch is given hk=k{) -k —k® . 7 axis, which makes polar and azimuthal angtesnd ¢

Here we have assumed thatj, andk describe linear polar- with respect to the coordinate systemy(,z) attached to the
ized waves whose polarization directions coincide with thosenaterial. Here,z is along the molecular directan andy
of the eigenmodes of propagation in the cryska), andk,, along the direction of the spontaneous polarizattyn Fi-
refer to the wave vectors for the second-harmonic and funnally theX axis of the laboratory frame lies on tiZe plane.
damental beams, respectively. Two different types of PM are In the laboratory system, the polarization eigenmodes for
commonly distinguished in the literatuf&]. In type | j light propagating alongZ have component$1,0,0 and
=k, while in type Il j #k. (0,1,0, with refractive indices,(6) andn,, whereng(#6) is

It is a well known fact that SHG in FLC's is phase match- given by
able. This characteristic was already found in the early ex-
periments6,7] and is due to the large birefringence of the 1 \2 siP o cod ¢
materials and their relative low dispersion. Assuming the ( ) =t —, 1)
uniaxial approximation, the process is describedeas>o Ne(6) n
(two extraordinary waves ai produce a @ ordinary wave
and, therefore, the PM is classified as type |. The experimentheren, andn, are the ordinary and extraordinary indices
is typically performed on a homeotropic geometry, in whichof the material.
the angle of incidence for PM is easily accessiltigically The electric field amplitude of the second-harmonic gen-
0°-309. Evidently, given the low symmetry of FLClpoint  erated by incoming light with frequenay and electric field
groupC,), it is to be expected that some other experimentabomponemfjﬂ (j=X,Y) can be expressed &3]
configurations can give rise to PM as well. The purpose of
this paper is to analyze this problem in detail. We will find 12
that several possibilities for both types of PM do indeed E-Z‘”IE w(@) dij ECEY

n

e (o]

1_eiAkL

Ak i=XY, (2

exist, but, unfortunately, are not easily observable in practice ' Tk
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FIG. 1. Schematic view of the laborator¥Y,Z) and sample T n(9)

(x,y,z) coordinate systems used to analyze the SHG process in
FLC’s. The light comes along the negative directionZgfwhich (b
makes polar and azimuthal anglésand ¢ with respect to the

1/2 [ne(e )+no]

/

sample frame. The polarization eigenmodes of the incoming light =

are alongX (extraordinary andY (ordinary). The sample system is o,

taken with thez axis along the molecular directorand they axis ' 2 ’ ‘7" I

along the spontaneous polarizatibg. wavelength

whereAk is the phase mismatch defined abolvethe inter- FIG. 2. Wavelength dispersion of the ordinary and extraor-

action length, andl;;, are the coefficients of the second- dinary n, refractive indices in FLC'sng(6) is the extraordinary

order susceptibility tensor for SHG referred to the laboratoryindex when the incident light propagates along a direction that

frame. In Eq.(2), £ represents an average permittivity of the makes an angl@ with the molecular director. The two possibilities

material for optical frequencies ang, is the magnetic per- for PM are illustrated. Type | PMge— o) is achieveda) when the

meability of vacuum. condition ng‘“:ng’(e) is fulfilled. Type Il PM (eo—0) is attained
There are in general four terms on the right-hand side ofb) whenn3®=[n*+ng(6)]/2.

Eq. (2) (although the two cross ternas, andd;; are equal

However, if PM occurs £k=0), one term is usually domi- dLg=—dy4 Sin 20 cos 2p+d,, cog 6 cos ¢(cos ¢

nant over the rest. Under these conditions, the standard for- ) )

mula for the second harmonic powf® is obtained9]: —25sirf ¢)+d,; cos’ ¢ cos ¢ sirt ¢

AKL +dyg Sir? 6 cos ¢, (5)
2w 212 i
P2@ccdgyL smcz(—), 3) ; _ _ _
2 dog= —2d14 Sin 6 sin 2¢+ 2d,; cos 6 sin ¢(2 cog ¢
wheredq is the so-called effectivel coefficient. This pa- —sir? ¢)—2d,, cos @ sin ¢ cos . (6)

rameter coincides with thd;;, element for which the PM _ _ - .

takes placdtype ) or is equal to 2l (type I1). In Eq. (3), T?ese equations together with the conditidbk=0, that is,

sincx= sinx/x. n2“=n2(6) andn°=[n¢+n2(6)]/2 for types | and Il, re-
Now, in the case of FLC's, there are two possibilities for spectively, define the PM angular positions and SHG effi-

PM (see Fig. 2 These are denoted @e=—o0 (type |) and  ciencies. These last equations can be simplified somewhat by

eo—o (type ll). For the first case the relevant coefficient is approximating Eq(1) to ng(6)~ng+An sir 6, whereAn

dgﬁz dyxx and for the second case we hadg}fz 2dyvx. =ng—ng is the birefringence at the fundamental frequency

These coefficients depend on the direction of incidence of7]. We get

the fundamental beam and on the matedatensor. This

tensor is usually expressed with reference to the sample co- Sir? 6=Ang/An @)
ordinate system and, assuming Kleinman conditions, takeisOr type | PM and
the form
0O 0 0 dy 0 dy sir® #=2An4/An (8)
d=|dy dyp dyg O dyy O (4) s :
0 0 0 dy 0 dy for type Il PM, whereAng=ng”—ng accounts for the dis-

persion of the material.
in reduced notation. Making the transformation between We now turn to analyze these results in special cases. The
laboratory and sample axes we finally get PM position can be only achieved by tuning thengle in
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FIG. 3. Experimental geometry for observing phase-matched
SHG in homeotropically aligned FLC's. The helix in the Soi- FIG. 4. Experimental geometry for observing phase-matched
phase is unwound by an electric field parallel to thexis. The  SHG in planar samples. The helix in the Soi- phase is unwound
light propagates on the tilt plane. THeype |) PM condition is by an electric field parallel to the axis. The PM condition is found
found by rotating the sample about tiieaxis. Type Il PM is not by rotating the material about theaxis. Both types | and Il PM can
possible. be reached in principle. However, in most materials the required

value is so small that Snell's law does not allow this situation to be

order to varyn?(6). This can be accomplished by rotating achieved.
the sample about theé axis with a fixed incident light direc- _ )
tion. On the other hand, only the configurations with eitherWith smaller An and/or largerAng are required. We will
$=0 or ¢= /2 are accessible in practice. The first one is"€turn to this point in the next section.
available using homeotropic orientation while the second can

be achieved typically under planar alignment. We will be |||, EXPERIMENTAL RESULTS AND DISCUSSION
restricted to treating these two important cases. _ .
For light propagation on the tilt planéFig. 3 we have The chemical structure of the compound selected for this

$=0. Thendl;=0 andd. takes the more familiar form  Study is shown in Fig. 5. It belongs to a family oftho-
platinated 8-diketonate complexes whose nonlinear optical

dLe=—dy, Sin 26+ dyy cOS 6+ dys SIN? 6. (9) properties have been reported elsewHdrd. Although the
€ molecule has not the typical rodlike shape, the material be-
This is the configuration where most experiments have bee‘qaveS optically the same as conventional FLC_LS]' Th_e
performed. There is no type Il PM, and, to achieve maximumtemper.ature dependencoes &f and P are cIaSS|.caI, ,W'th
conversion in type I, the fundamental light should be polar-Saturation valuesj;=30° and Ps=55 nClent. Likewise,
ized alongX. both linear and nonlinear optical properties are compatible

The second possibility to be discussed occursfferm/2. with point groupC, for the ferroelectric phase, which is

Equations(5) and (6) then reduce to characteristic of a normal smec®*(Sm-C*) structure.
. <5 © However, as is explained below, the valuesAof andAny
; are a bit unusual in comparison with those of calamitic
dly=d;4sin 26, 10 I%e P
For a frequencyw corresponding to a wavelength
n_
der=—2dz; cOS ¢ (1D —1064 nm(the light of a Nd:YAG lasex the material has a
and, therefore, both types of PM can in principle be ob- Rs
served. R
On the other hand, it is interesting to have an estimate of |
the 6 angle required to observe both types of PM. Taking
birefringence and dispersion values typical for FLC's
An:0.2, And=003[10], Eqs(?) and(8) y|e|d 0=23° and /O Ry : O¥CH(CH3)CgH i3 Ry, R3, Ry : OCygHy;
0=33° for types | and I, respectively. The size ®épermits pt ) I 127°C Sy 112°C S¢*75°C C

one to detect easily type | PM using homeotropic samples " ©

(Fig. 3. Due to the existence of a molecular tilt angleof

nearly the same magnitude #s the phenomenon occurs @
close to normal incidence, as has been determined by man

experiments. In contras#,values are too small to permit the
observation of PM using planar samples, since the angles o
refraction are strongly limited by Snell's laWFig. 4). In
particular, this would explain the lack of observations of type  FIG. 5. Chemical structure and phase sequence on cooling of the
[l PM up to now. In order to achieve this objective, materialscompound studied.

R4
Rz
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FIG. 6. Experimental geometry for detecting type Il phase- FIG. 7. Calculated values d#?“ for the experimental disposi-
matched SHG. The helix is unwound by an electric field perpen+ion of Fig. 6. The optical data were taken from Rdfl]. The three
dicular to the substrate surface. Thangle was varied by rotating contributions to the total SHG signal are separated. The peaks cor-
the sample about a vertical axis, which was perpendicular to theesponding to type | PMee-o term) and type Il PM(eo-o term)
molecular director and spontaneous polarization. The fundamentaire clearly visible.
light was polarized at 45° and the second harmonic beam was po-

larized on the vertical plane. o 1/2 1—eldkil
20 __ - H _
EY —w( . ) [d14sm26 Ak,
rather low birefringence in the SiB* phase, withAn koL o2
=0.076 at the SmA—Sm-C* transition point, increasing to —2d,, cos 6 1-e ] (E*) (12)
An=0.095 at 20 °C below the ferroelectric transitiphi]. Aks 2

On the other hand, the dispersion of the material is somewhat
high (presumably due to the presence of absorption bands f'€®
the green-blue part of the spectrymny=0.043, practically .
constant all over the Sr&* range[11]. With these data and Aky=—1[n2*—n2(6)] (13
using Eq.(8) we get af value for type Il PM in the range of A
70°. For the geometry of Fig. 4 and assuming an average d
refractive index of 1.6, this means an angle of incidence o
about 35°, which in principle is experimentally achievable. A 1

The experiment was performed using the configuration Ak,=— ngw—— [(n&(a)+ngy]t. (14
schematized in Fig. 6. The sample was planarly aligned in a A 2
glass cell treated with nylon 6/6, which was deposited usin
the procedure described in R§L2]. Rather good alignment
was attained given the large sample thicknéss um), al-

though some defects were visible over most of the sampl N L and Il PM. The third is th
area. Obviously, better alignment quality could have beerinat 9ive rise to types | an - The third term Is the cross

achieved with thinner cells. However, here it was importantIerm and is negligible if large interaction lengths are used. In

to have a sample where the interaction length was as large gég 7 these three terms and the whole SHG have been plot-

possible in order to make evident the PM contribution to theted for our sample as a function of the internal angle of

second-harmonic signal. A dc electric field of 2 per-  refraction. For this plotd;;, An, andAny were taken from
pendicular to the glass plates was applied to the sample {gef- [11].
unwind the helix in the SnE* phase. The temperature was
kept fixed during the measurements Tat 90 °C. At this
temperature it was checked with a polarizing microscope that
the molecular director had the desired horizontal disposition.

The setup for SHG measurements was described else-
where[13]. The fundamental light came fromQ@-switched
Nd:YAG laser. The plane of polarization of the incident light
made an angle of 45° with the horizontal plane in order to
maximize the type Il PM contribution to the second-
harmonic signal. The sample was rotated about the vertical
axis and the experiment was carried out by monitoring the
component of the second-harmonic light polarized in the ver-
tical plane as a function of the angle of incidence.

Under these conditions and according to (2g.the am- FIG. 8. Experimental SHG signdtioty as a function of the
plitude of the second-harmonic field along the vertical direc-angle of incidence for the geometry of Fig. 6. The continuous line
tion is given by corresponds to the simulation results.

gI'he second-harmonic pow®&?® can be obtained by squar-
ing Eq. (12). Clearly three contributions appear. Two of
%Izem are of the form of Eq.3) and correspond to the terms

P?® (arb. units)
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As can be seen, the second-harmonic intensity profile islefined. This discrepancy was attributed to an asymmetry in
symmetric with respect to the normal incidence position. Orthe angular positions for light blocking at negative and posi-
the other hand, it should be noticed that most part of theive angles and/or to low sample quality.
curve is not observable since angles of refraction larger than |n summary, we have studied the conditions for observing
about 35° are impossible to get in this material. Howevergype || phase-matched SHG in FLC's. It has been found that
fortunately, the peak of the type Il PM contribution can bethe phenomenon is not usual for conventional materials un-
reached. der common alignments. However, we have presented an

The measurements are represented in Fig. 8 together Wikkample in which the effect has been demonstrated. The an-

the simulation results. The experiment could not be contingylar PM profile is in rather good accordance with the simu-
ued beyond an angle of incidence of 46° because the lighktions.

beam was blocked by the sample holder. Anyway, a peak is
sufficiently well defined, with its maximum at about 40°. A
fairly good agreement is found with the theory, thus confirm-
ing that the signal is due to type Il PM.

It is also worth mentioning that another pe@lot shown One of us(N.P) thanks the Spanish CICYT for a grant.
in Fig. 8 was observed at negative angles of incidence, iriThis work was supported by the Universidad delsPdasco
accordance with Fig. 7. This second peak, however, was n@Project No. 063.310-EB228/95and CICYT (Project No.
perfectly symmetric but had smaller magnitude and was lesMAT94-0717-C02.
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